Properties of an unusual atp9-rpll6 cotranscript preferentially found in the maternal distorted leaf mutant of Arabidopsis thaliana, which had arisen from a genetic cross between chloroplast mutator and wild-type plants, were examined. Analysis of RNA editing of this cotranscript showed that one editing event in the rpll6 coding region created a UGA stop codon. This raises a possibility that a downstream GUG codon can serve as an initiation codon for rpll6.
Mitochondrial respiratory function is a prerequisite for plant growth, but how it is regulated developmentally is largely unknown. Although mitochondria contain their own genomes and transcription/translation machinery, the biogenesis of functional mitochondria largely depends on the expression of nuclear genes, because most mitochondrial proteins are encoded in the nuclear genome (Poyton and McEwen 1996) . Thus, coordination between the two compartments is necessary to avoid mitochondrial dysfunction that might affect plant growth and development (Hanson 1991) .
In higher plants, only a few nuclear genes that affect mitochondrial biogenesis are known. In Arabidopsis thaliana, a mutation at the CHLOROPLAST MUTATOR (CHM) locus has been shown to induce mitochondrial DNA (mtDNA) rearrangements (Martinez-Zapater et al. 1992 , Sakamoto et al. 1996 . The chm mutation causes green-white variegation in tissues such as leaves, stems, and flowers. While the mutation has been genetically assigned to chromosome 3 (Redei 1973) , this variegated phenotype is inherited maternally, implying a genetic alteration of one or both of the organelle genomes. We previously reported the characterization of a plant that arose from a cross between chm mutant and wild-type plants, which exhibited Abbreviation: RT-PCR, reverse transcriptase-polymerase chain reaction. 1 To whom correspondence should be addressed. delayed growth and a distorted leaf shape. In this mutant plant, MDL (maternal distorted leaf), novel rearrangements in the mitochondrial genome are strongly correlated with the distorted-leaf phenotype (Sakamoto et al. 1996) . The rearrangements affect the expression of the rps3-rp!16 genes (encoding ribosomal proteins S3 and LI6, respectively): rps3 and rplI6 are cotranscribed in wild-type plants, whereas in MDL plants, the rearrangement splits these two genes and rpll6 is instead cotranscribed with atp9 (encoding subunit 9 of the F,FoATPase). We proposed that the mtDNA rearrangement and the resulting altered RNA patterns are responsible for the distorted leaf phenotype.
To further study the properties of the RNAs specifically detected in MDL plants, 5' end mapping and RNA editing analysis of the atp9-rpl!6 cotranscript were carried out. Our results suggest that the atp9-rpll6 mRNA has a 5' end identical to that of the monocistronic wild-type atp9 transcript. While examining RNA editing, we unexpectedly found the generation of a UGA stop codon within rpll6, thereby truncating the L16 protein. This editing site also undergoes a C-to-U change in the corresponding wild-type rps3-rp!16 cotranscript. Comparison of the amino acid sequence of the L16 protein with those from other organisms suggests that a downstream GUG codon may serve as a translation initiation site.
An unusual atp9-rpl!6 cotranscript detected in MDL plants-Using DNA blot analysis, we previously identified a distinct mtDNA rearrangement preferentially found in MDL mutant plants. This rearrangement was associated with a recombination event that had occurred between the atp9 and rps3-rpll6 regions; recombination had led to a new DNA configuration, as shown in Figure 1A . An independent deletion event appeared to have occurred in this region, resulting in the loss of most of rps3. PCR analysis suggested that the DNA configuration contained in this fragment was also present in wild-type mitochondria, although its substoichiometry was very low and therefore not detectable by DNA blot analysis (Sakamoto et al. 1996) .
Expression of the atp9-rpU6 cotranscript was examined by reverse transcriptase-polymerase chain reaction (RT-PCR) analysis, and representative results are shown in Figure IB . RT-PCR reaction was performed as described previously (Sakamoto et al. 1996) using primers b (5-ACGAGGGTAAGAGTCGACGAGGAAT-3'), c (5'-TCG-AAGAAAGAAGGAGCTCATTCAGTC-3), d (5-CGAG-TAGAGAATTCCGCAGGAGCAT-3'), and e (5'-TTAC-GACCACTGAACAAGCTTGGTT-3') ( Fig. 1A) , together with total RNAs isolated from wild-type (ecotype Columbia) or MDL plants. Consistent with our previous RNA blot analysis, PCR fragments of the expected size were detected only with total RNA from MDL plants, suggesting that the region including atp9-rpll6 is actively transcribed. Since the same DNA configuration is contained at a substoichiometric level in wild-type plants (data not shown), the atp9-rpll6 cotranscript should in principle be present. However, its steady-state level is apparently too low to be detected by our RT-PCR analysis.
5' end analysis of the atp9-rpll6 cotranscript-In A. thaliana, rpll6 resides in the mitochondrial genome and overlaps rps3 (Klein et al. 1994 , Unseld et al. 1997 : rpl16 is downstream of rps3 and appears to be cotranscribed. Since rpll6 does not possess its own promoter, atp9-rpll6 mRNA in MDL plants may be initiated at a promoter upstream of atp9 and/or a maturation mechanism at its 5' end. To address these possibilities, the 5' end of the cotranscript was mapped by primer extension. We synthesized a primer a (5'-CATCTCGGGTTGAGAATTATAC-3') that anneals to the 5' untranslated region of atp9 ( Fig. 1 A) , and primer extension was performed as previously described (Sakamoto et al. 1994) . The extension products with RNA from wildtype and MDL plants were separated in a sequencing gel (Fig. 2) . In both wild-type and MDL plants, a major band was obtained at a guanosine residue located at 116 bp upstream of the putative initiation codon of atp9. The fact that the primer extension products are identical in wildtype and MDL plants indicates that the dicistronic atp9-rpll6 mRNA has the same 5' end as the monocistronic atp9 transcript.
The sequence surrounding the 5' end of atp9 and atp9-rpll6 mRNAs was compared to the consensus promoter sequence defined by in vitro transcription in pea ( Fig. 3 ) (Binder et al. 1995) . In this work, a nonanucleotide CRTAAGAGA was proposed to be a dicot promoter con- sensus sequence. The region surrounding the 5' end of A. thaliana atp9 does not contain the core motif CRTA, that is also conserved in monocot promoters Stern 1992, Rapp et al. 1993) . Considering that the CRTA motif is strictly conserved in the promoter sequences examined by in vitro transcription systems, the 5' ends of the atp9 and atp9-rpll6 transcripts are likely.to be generated by an endonucleolytic processing. However, we cannot exclude the possibility that A. thaliana atp9 has a novel promoter sequence distinct from the nonanucleotide motif.
Interestingly, a database search revealed other sequences similar to the A. thaliana atp9 upstream region, including those upstream of B. napus atp9 and B. campestris nad6. Although these sequences remain to be characterized for promoter activity, this homology may result from a conserved mechanism required for generating 5' ends of some of the mitochondrial transcripts. RNA editing of the dicistronic atp9-rpll6 cotranscript -To examine RNA editing of the atp9-rpll6 cotranscript, cDNA was synthesized from MDL mutant plants by RT-PCR using primer pairs b and d, or c and e (Fig. IB) . Amplified cDNAs were cloned into pBluescript SK(-) (Stratagene), and approximately twenty independent clones were subjected to sequence analysis using a fluorescent dideoxy nucleotide sequencing system, Dye DeoxyTerminator Cycle Sequencing Kit, and an automated DNA sequencing system (Applied Biosystems). We determined sequences of the atp9-rpll6 cotranscript corresponding to nucleotides from 490 to 1585 in the 5.6-kb BamRl fragment (Sakamoto et al. 1996) . Within the region we examined, four and six editing sites (indicated Al to A4, and R2 to R7 in Fig. 1A) were found in the coding region of atp9 and rpll6, respectively. One editing site (Rl) was located in the truncated coding region ofrps3. All of these editing sites correspond to C-to-U conversions, the type most commonly found in plant mitochondria. As indicated in Table 1 , RNA editing at each site results in a change in the amino acid specified, which in turn increases the similarities of the subunit 9 and LI6 to the same proteins in other species (Fig. 4) .
To examine if the same editing sites as described above were also observed in the wild-type atp9 monocistronic and rps3-rpll6 dicistronic transcripts, we analyzed cDNAs corresponding to atp9 and rps3-rpH6 mRNAs from wild-type plants. Two primers f (5'-GACTGAATGAGCTCCTTCTT-TCTTCGA-3') and g (5'-GGTGGAGGGATCCGTATA-TGTTTT-3') were synthesized based on the A. thaliana mitochondrial DNA sequence reported by Unseld et al. (1997) , and RT-PCR reaction was performed by using a pair of primers b and f (for atp9), or primers e and g (for rps3-rpll6). Amplified fragments were cloned into pBlue-
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AAATAATAGCATAAGAGAAGATA ICRTAAGAGAI * * * * * * GTATAAGATCGCA-AAGAATGCA GTACAAGATCG-AAAAGAATGCA GTACAAGATCG-AAAAGAATGCA Fig. 3 Alignment of the nucleotide sequence at the 5' end of the A. thaliana atp9 mRNA with those from P. sativum atp9, B. napus atp9, and B. campestris nad6. The transcription initiation site in pea is indicated by an arrow. The proposed consensus sequence (Binder et al. 1995) for dicot promoters is included in the box. Nucleotide sequences shared between the pea and A. thaliana atp9 genes within the consensus are indicated by asterisks. script SK(-) and were subjected to sequence analysis. The results showed that all the RNA editing sites (Al to A4 in atp9, and Rl to R7 in rpll6) found in the atp9-rpll6 cotranscript were retained in the wild-type mRNAs and were fully edited (Table 1) .
Two points should be emphasized from our analysis of RNA editing. First, we detected altered editing efficiency at the editing site Rl. Of twenty independent cDNA clones, three clones remained unedited at the Rl site, whereas all the other sites were completely edited. Since all the Rl editing sites were edited among the twenty clones examined from wild-type plants, the reduced editing efficiency may be attributed to the altered configuration of the transcript.
As shown in Table 1 , the Rl site is included in the coding region of rps3 in the wild-type rps3-rpll6 cotranscript. However, in the MDL-specific atp9-rpU6 cotranscript, the coding region of rps3 is truncated because of the concomitant deletion and recombination events (Sakamoto et al. 1996) . In fact, the 5' sequence 29 bp upstream of the Rl editing site is different from the wild-type mRNA configuration. A change at the 5'region relative to the Rl editing site may provide a signal to the RNA editing machinery, which lowers the editing efficiency. Comparisons of editing sites and their surrounding regions in plant chloroplasts and mitochondria have suggested that common sequences are shared between editing sites (Maier et al. 1992) . A second point is that at the R3 editing site, we found a C-to-U change resulting in the generation of a UGA stop codon in the rpll6 coding region. Generation of the stop codon occurs at a position 20 amino acids distal to a putative AUG initiation codon for L16 protein, and thus truncates the amino acid sequence. Downstream of this UGA codon, an AUG codon is not found for 77 amino acids. Analysis of cDNAs amplified from wild-type total RNA also showed RNA editing occurring at the R3 site in the normal rps3-rpll6 cotranscript.
Generation of a stop codon by RNA editing in the rpl!6 open reading frame has also been reported in petunia (Sutton et al. 1993) . In contrast, in the case of Oenothera berteriana, sequencing has shown that rps3 does not overlap rpll6, and that there is no potential AUG initiation codon in the rpll6 sequence (Bock et al. 1994) . Alignment of amino acid sequences deduced from cDNAs corresponding to rpll6 in these plant species, along with those from liverwort mitochondrial and E. coli L16 (Fig. 4) , shows that the position corresponding to the AUG initiation codon in E. coli is conserved as a GUG codon in the plant LI6 protein sequences. This GUG is also conserved in liverwort and is considered to be a possible initiation codon, because of the complete lack of any in-frame AUG codon in the rpll6 coding sequence (Oda et al. 1992) . Supporting this possibility, GUG is utilized as an initiation codon in E. coli, where it occurs in approximately 9% of the genes (Jacques and Dreyfus 1990) , and also in Chlamydomonas reinhardtii chloroplasts (Rochaix et al. 1989) . Hence, these observations suggest that GUG, normally coding for valine, can serve as an initiation codon in plant mitochondria.
Our work raises question as to the functionality of rpl!6 in plant mitochondria. Sutton et al. (1993) suggest that rpll6 encoded in petunia mitochondria is a pseudogene, and that the functional copy may be in the nuclear genome. However, the fact that the primary sequence and organization of rps3-rpll6 are highly conserved among higher plants and other organisms strongly suggests that rpll6 is functional. This is also supported by a lethal phenotype in the maize NCS3 mutant resulting from the deletion of these genes (Hunt and Newton 1991) . In the case of A. thaliana MDL, the overlapping rps3-rpU6 genes are split as a result of the rearrangements, and each gene is probably encoded in a different subgenomic molecule. Assuming that the L16 protein is an essential component of the mitochondrial ribosome, the distorted phenotype can be attributed to the segregation of these subgenomic molecules, which may lead to a lack of either ribosomal protein and consequently result in a non-functional translation apparatus. Further investigation is needed to elucidate the requirement of L16 protein synthesis in A. thaliana mitochondria.
